Abstract For the first time we present a multi-proxy data set for the Russian Altai, consisting of Siberian larch treering width (TRW), latewood density (MXD), d
Introduction
Valuable information about recent and past climatic and environmental changes are recorded in different natural archives such as tree-rings, ice cores, corals, historical records, lake sediments, and long instrumental observations Mann et al. 1998 Mann et al. , 2008 Bradley 1999; Mann and Jones 2003; Ammann and Wahl 2007; Robertson et al. 2009) .
Annual information about climatic and environmental changes is recorded in tree-rings, ice cores, and lake sediments. A temperature signal with seasonal or weekly resolution can only be extracted from tree-ring latewood density, cell wall tree-ring chronologies and stable isotopes in tree-rings (Loader et al. 1995; Schweingruber et al. 1996; Vaganov et al. 1999 Vaganov et al. , 2006 McCarroll and Loader 2004; Helle and Schleser 2004; Sidorova et al. 2010) .
Trees growing at the upper tree-line in Altai are very sensitive to climatic changes and highly applicable for reconstructions of summer temperature (Loader et al. 2010 ).
Most of the dendroclimatic studies in this region were based on construction of tree-ring chronologies (Adamenko 1978; Ovchinnikov et al. 2002; Oidupaa et al. 2004; Panushkina et al. 2005; Myglan et al. 2008 Myglan et al. , 2009 ). So far, there are no latewood density, cell wall thickness, and stable isotope chronologies available. Based on previous studies from northern tree-line sites, the latewood density and cell wall thickness chronologies contain a temperature signal for the late summer (Vaganov et al. 1999; Sidorova et al. 2010) .
The application of stable isotope analysis in combination with the classical dendrochronology is steadily increasing because stable isotope ratios, particularly 13 C/ 12 C and 18 O/ 16 O in wood or cellulose provide complementary information about climatic variabilities (McCarroll and Loader 2004; Saurer et al. 2002; Skomarkova et al. 2006; Gagen et al. 2006; Kirdyanov et al. 2008; Kress 2009; Sidorova et al. 2008 Sidorova et al. , 2010 . The 13 C/ 12 C isotopic ratio in tree-rings reflects water availability and air humidity both impacting carbon and water relations. Trees respond to limited water resources, like low amounts of precipitation and relatively warm and dry conditions with a reduction of the stomatal conductance (g l ) to prevent desiccation. Under a given photosynthetic rate low g l values reduce the discrimination of 13 C against 12 C and increase the 13 C/ 12 C isotope ratio.
Precipitation water, which infiltrated into the soil is absorbed by tree roots and lead through the xylem vessels in the trunk to the leaves. The leaf water is then enriched in H 2
18
O because of transpiration, enhancing the oxygen isotope signal according to the climatic conditions. During photosynthesis, the oxygen of the leaf water is incorporated via carbohydrates in the biomass. Thus the 18 O/ 16 O isotopic ratios in tree-rings contain signals about temperature and precipitation, which is stored in the wood and cellulose of trees (Craig 1961; Dansgaard 1964; Saurer and Siegwolf 2007) .
Therefore the carbon and oxygen isotopes measured in the same tree-rings are a useful tool for better understanding the tree responses to both, climate and climate driven changes in physiological processes. Based on this dual isotope approach it is possible to distinguish the impact of temperature or water availability (precipitation) and air humidity as the driving climatic parameter.
Ice core and lake sediments record information about long-term climatic and environmental changes with an annual up to monthly temporal resolution. The high temporal resolution in ice cores is, however, limited to upper ice core parts due to a strong thinning of annual layers with depth (Nye 1963) .
Reconstructions of temperature, precipitation, and other environmental parameters from the lake sediments are based on a wide choice of lithological-geochemical proxies, which can be used for temporal calibration (Ilyashuk and Ilyshuk 2007) . There are some uncertainties of sedimentary proxies because sedimentation depends on both, temperature and precipitation. Precise dating is possible only for annually laminated sediments. In addition, sedimentary records maybe affected by secondary alterations due to mineral-pore water interaction, and re-crystallization (Kalugin et al. 2007) .
Each archive has its advantages and disadvantages. Climate reconstructions based on just one archive may be subject to systematic errors. For some northern areas, for instance, a divergence phenomenon has been reported between recent temperature and tree-ring trends (Briffa et al. 1998; Barber et al. 2000; Wilmking et al. 2005; D'Arrigo et al. 2008) . More reliable climate reconstructions might therefore be achieved by combining different proxies because deviations between the proxies could highlight uncertainties, while common trends would indicate a high degree of reliability for the reconstruction. Despite these obvious benefits of a multi-proxy approach, few attempts have been made to explore it, apart from some large-scale reconstructions for the whole Northern hemisphere Mann et al. 1998; Mann and Jones 2003; Etien et al. 2009 ), and apart from some multiproxy studies within the tree-ring archive e.g. isotopes, tree-ring width and latewood density (Gagen et al. 2006; Skomarkova et al. 2006; Kirdyanov et al. 2008; Hilasvuori et al. 2009; Kress 2009 ). The reason for the few number of studies might be methodological challenges, like different time-resolution (annual in tree-rings, usually lower in icecores and lake sediments) and different seasonal information (summer in tree-rings, different seasons possible in other archives).
Temperature and precipitation reconstructions are available for the Altai Mountains from an ice core of the Belukha glacier and a sediment core from lake Teletskoe. Together with the tree-ring parameters and stable isotope chronologies, they provide an ideal setting for the application of a multi-proxy approach to reveal similarities in climate response by combining all proxies for temperature and precipitation reconstructions. To our knowledge, this is a first study, which is integrating all these independent proxies for one site. Long-term climate records are necessary to observe the development of the climate and track the impact of environmental changes on the high-altitude forest ecosystems and glaciers. However, the longest instrumental weather observations were carried out at the stations close to the cities located at much lower elevations, e.g. Barnaul (since 1834, 184 m. a.s.l.).
The goal of this paper is to provide climatic information from tree-ring parameters and stable isotopes and evaluate their suitability for temperature and precipitation reconstructions in combination with other independent proxies such as ice cores and lake sediments for tracking the climate course of the past for such a climatologically and geographically complex region as the Russian Altai.
Materials and methods

Study site of the tree-ring parameters
The study area is located in the vast Altai-Sayan Mountain region, in the Tuva Republic of the Russian Federation in southern Siberia, the central part of the north Asian continent. It is characterized by a complex geophysical relief. The Altai-Sayan eco-region is a mosaic of coniferous forests, intermontane steppes, and alpine meadows.
Tree-ring material was collected from living Larix sibirica Ldb. trees growing in the Mongun taiga, Tuva Republic, Russia [50°23 0 N, 89°04 0 E] (Fig. 1a, b ). This region is isolated from industrial centers.
The sampled trees were growing at elevations of 2280-2340 m a.s.l., which is in the range of the current position of the upper treeline (2,250-2,400 m a.s.l.). The age of trees can exceed 600 years at this location (Fig. 1c) .
Four to six cores were taken from each tree at a height of 1.3 m with a 0.5-cm-diameter increment borer. The cores were used for tree-ring width, latewood density, cell wall structure, and stable isotope measurements.
The study site is covered by permafrost with a maximal thawing depth of 80-100 cm. The snow melt starts at the end of May or early June and the first snow falls in the middle of August-September, considerably varying from year to year.
Climate
The study site is characterized by a continental climate. The duration of the vegetation season with summer temperatures above 10°C at an altitude of 1,400 m is around 80 days (Sevastyanov 1998) . The precipitation amount at the study site is about 170-220 mm per year.
The present-day climate is largely controlled by the Siberian-Mongolian high atmospheric pressure zone, along with westerly low-pressure systems linked to the North Atlantic influence (Efimtsev 1958; Alpatev et al. 1976; Ilyashuk and Ilyshuk 2007) . Atmospheric circulation has a seasonal pattern in the study region. The Siberian-Mongolian Fig. 1 Maps with a the location of the study region (red dot), b the sampling site in the Tuva Republic, Russia (1-red dot); Teletskoe lake (2-brown dot), and Belukha glacier (3-blue dot) and c photo of the sampling site (Photo by V.S. Myglan) anticyclone centered in the Tuva basin and northern Mongolia is dominant from early October-November until April (Sevastyanov 1998) . Westerlies are prevalent in summer, with air masses coming from Kazakhstan and in autumn bringing strong winds and rain. The temperature inversion becomes important in November, when the temperature decreases to -30°C.
The availability of weather station data close to the study site is limited due to the length of the observation period and gaps in the data. Monthly temperature and precipitation data were available for the weather stations from Russian Altai: Kosch-Agach (50°02 0 N, 88°68 The tree cores were measured using the semi-automatic devices LINTAB V-3.0 (Rinn Tech GmbH, Germany) with a precision of 0.01 mm and cross-dated for determining the exact calendar date for each tree-ring (Schweingruber et al. 1996; Cook and Krusic 2008) . The individual tree-ring width series were standardized using a negative exponential curve or linear regression to remove age-related trends. The absolutely dated standardized site chronology was constructed by using 20 individual tree series within the 400-500-year age class. Tree-ring density was measured using the densitometer DENDRO-2003 at the V.N. Sukachev Institute of Forest, SB RAS, Krasnoyarsk, Russia according to the method described by Schweingruber (1996) . To construct the master MXD chronology, each of the individual series was standardized using the cubic smoothing splines with 50% frequency-response cutoff equal to 2/3 of the series length. Data for 23 living trees were used to construct a maximum latewood density chronology.
The Expressed Population Signal (EPS) was calculated to define a threshold level of common signal between treering series in year-to-year variations, i.e. the sensitivity of the tree-ring width variability to changes of external factors, which is based on the average correlation between the trees. The EPS higher or equal 0.85 is considered to be reliable along its whole length (Wigley et al. 1984; Cook and Kairiukstis 1990) .
Hamming smoothing (Blackman and Tukey 1958) with 41-year window (Esper et al. 2002) was used for revealing long-term trends for all chronologies.
Cell structure of tree-rings was measured for 5 trees for the period 1900-2007 with an Image analysis system (AxioVision) (Carl Zeiss, Germany) at the V.N. Sukachev Institute of Forest SB RAS. Cell wall thickness was determined in five radial series of cells from the outside border in each tree-ring to the inside border. Measurements of double cell wall thickness in the radial direction, lumen diameter, and hence cell sizes were made along each radial file sampled. The resolution and precision of measurements were approximately 0.3 lm.
Since tree-ring width and, consequently, the number of tracheids varies between different years, the measurements were normalized to a standard number of cells ).
d
13 C and d 18 O in tree-ring cellulose
Of the cross-dated samples we selected core samples from the five trees for the recent period for the analyses of 13 C/ 12 C and 18 O/ 16 O isotope ratios in tree-rings based on similar tree-ring width patterns. The first 50 years of each sample were not considered to exclude the influence of the juvenile effect (McCarroll and Loader 2004; Gagen et al. 2008; Sidorova et al. 2008 Sidorova et al. , 2009 .
The 13 C/ 12 C and 18 O/ 16 O isotope ratios were analyzed separately for each single tree for the period 1779-2007. After splitting the rings with a razor knife, the whole wood samples were enclosed in filter bags and cellulose extraction was performed according to the method described by Loader et al. (1997) and Boettger et al. (2007) . Due to a low amount of the cellulose material some of the d The carbon and oxygen isotopic ratios in cellulose were determined with an isotope ratio mass spectrometer delta-S (Finnigan MAT, Bremen, Germany) linked to two elemental analyzers (EA-1108, and EA-1110 Carlo Erba, Italy) via a variable open split interface (CONFLO-II, Finnigan MAT, Bremen, Germany) at the stable isotope facility of the Paul Scherrer Institute, Villigen, Switzerland.
13 C/ 12 C was determined by combustion under excess oxygen at a reactor temperature of 1,020°C, while samples for 18 O/ 16 O ratio measurements were pyrolyzed to CO at 1,080°C (Saurer et al. 1998) , both operating in the continuous flow mode. This guarantees a high sample throughput rate with a good precision for d 13 C (r ± 0.1%) and d 18 O (r ± 0.2%). The precision is based on a large number of measurements of the standard material and quality control (N [ 100). The isotopic values were expressed in the delta notation relative to the international standards:
where R sample is the molar fraction of 13 C/ 12 C, or 18 O/ 16 O ratio of the sample and R standard , of the standards of Vienna Pee Dee Belemnite (VPDB) for carbon and Vienna Standard Mean Ocean Water (VSMOW) for oxygen.
13 C correction
Changes in the atmospheric CO 2 isotope composition are directly reflected in the isotopic ratios of the photosynthesis products. We calculated the differences between each year and the pre-industrial value (1850) for d 13 C of atmospheric CO 2 obtained from ice cores and direct atmospheric measurements at the Mauna Loa Observatory, Hawaii (Francey et al. 1999 http://www.esrl.noaa.gov/gmd/ccgg/globalview/ co2c13/co2c13_intro.html) and subtracted the differences from the raw carbon isotope series for each year. Because the isotope fractionation is additive, this completely removes the trend of decreasing isotopic composition in the atmosphere resulting from the combustion of fossil fuel emissions and land use change.
A pre-industrial 'pin' correction, taking into account the changes in the active response of trees to the increased availability of CO 2 by increasing their water use efficiency was additionally applied (McCarroll et al. 2009 ). This correction was successfully applied for the d 13 C chronologies from high latitude sites already (Sidorova et al. , 2010 . The pin-correction results in improved correlations between climate data and carbon isotope series, because the non-climatic direct CO 2 -effects on plant physiology are removed. For further analysis and discussions we will therefore only use the two-fold corrected d 13 C chronology.
Ice core and lake sediment data
To compare the tree-ring records with independent climate proxies, we used published reconstructed temperature and precipitation ice core data from the Belukha glacier (49°48 0 N, 86°34 0 E, 4,062 m. a.s.l.) (Henderson et al. 2006; Eichler et al. 2009 ) and reconstructed temperature and precipitation data from Teletskoe lake sediments (51°39 0 , 87°N 40 0 E, 434 m asl) (Kalugin et al. 2007 ). Both sites are located within 200-300 km from each other as well as from the dendrochronological study site (Fig. 1b) .
The ice core drilling site was at the glacier saddle between Belukha east and west summit, the highest mountains of the Altai. The main precipitation season at this site is between March and November. The 139 m ice core covers the time period 1250 -2001 (Eichler et al. 2009 ), which was established by annual layer counting, 210 Pb dating, identification of volcanic horizons, and the use of a kinematic glacier flow model. Dating uncertainty is up to 3 years for the investigated time period 1779-2000 in this study.
The ice core d 18 O record was found to be a good highresolution March-November temperature proxy for the last 750 years. This was based on the correlation between 10-year averaged d
18 O values and Barnaul temperatures r = 0.83; r \ 0.05 for the instrumental period 1850-1980. Reconstructed temperatures are highly correlated with solar activity proxies for the period 1250-1850, revealing high (low) values during periods of high (low) solar activity. After 1850 a strong temperature increase was observed, correlated with the increasing CO 2 emissions for the period 1850 -2000 (Eichler et al. 2009 ). Temporal changes in ice core melt percentages have been successfully applied as summer (June-August) temperature proxy for the period 1818-2001 (Henderson et al. 2006) . The correlation coefficient between 10-year averaged temperature based on melt percentages and Barnaul June-August temperature was r = 0.82; P \ 0.05 for the period 1850-1999. The two temperature proxies indicate a strong warming trend of about 2°C in the last 150 years in the continental Siberian Altai.
The reconstructed accumulation obtained from the record of annual layers thickness of the Belukha ice core was used as a precipitation proxy for the period 1818-2001 (Henderson et al. 2006) . No trend was found in this period, except for the precipitation maxima around 1830 and 1950.
Teletskoe lake is located in the taiga zone of the northeastern Altai region (51°39 0 N, 87°40 0 E, 434 m a.s.l.). The lake accumulates sediments continually. More than half of the water input to the lake is provided by spring and summer floods after the seasonal snow melt. Generally, the climate in the lake region is continental (Selegei et al. 2001) ; the influence of the Siberian High prevails in winter, and westerly influence increases in summer.
Sediment cores from the Teletskoe Lake were collected from the deepest area at a water depth of 325 m. They were analysed by X-ray fluorescence with synchrotron radiation (XRF-SR) with an increment step of 0.2 mm corresponding to a unique resolution of 2-3 months. The composition and physical properties of the sediments were studied by standard procedures with discrete sub-sampling at 0.5 cm resolution.
Dating was performed by gamma spectrometry of 137 Cs and 210 Pb for the uppermost 10 cm as well as 14 C measurements for lower layers of core. Both methods showed the same accumulation rate of about 0.9 mm/year which was accepted for the wet sediment (Kalugin et al. 2007 ).
Annual environmental reconstruction by Teletskoye lake sediments is based on linear age model which has not provided exact dating like tree ring series because layers thickness varies year by year. The position of the peaks could be displaced on absolute time scale. That allows comparing with other proxies only for lower frequency environmental oscillations-ca 5 years and longer. This problem would be corrected by fitting of peaks on wellknown events or by study of annually laminated sediments.
To reconstruct temperatures, the time series of X-ray density (XRD) of the sediment, the Sr/Rb ratio, and the contents of Br were used (Kalugin et al. 2007 ). The function of T = f (Br, XRD, Sr/Rb) was calibrated using the data from the Barnaul weather station. The correlation coefficients between smoothed by 25-year window averaged annual temperature from the Barnaul weather station data and Sr/Rb, Br, XRD were (r = 0.71; r = 0.87 and r = -0.84; P \ 0.05), respectively, for the period 1840-1991. The correlation coefficients between smoothed by 25-year window averaged annual precipitation from the Barnaul weather station data and Sr/Rb, Br, XRD were (r = -0.37, r = -0.83, r = 0.60; P \ 0.01) for the period 1880-1991.
The paleotemperature reconstruction obtained for the last two millennia indicate the similar values of recent warming. Negative significant correlation between the flood lake level and temperature was observed for the period between AD 1930 and 1996. Taking into account modern warming, this level was explained by extra-melting of perennial snow in high mountains against a background of aridization trend. (Fig. 2a-e) .
The EPS is very high on both, tree-ring width TRW (Fig. 2a) , d 13 C (Fig. 2b) , and CWT (Fig 2e) chronologies show an increasing trend in the last 120 years. The d 18 O cellulose chronology (Fig. 2c) shows a steadily declining trend in the last 150 years, whereas there is no long-term trend in the MXD chronology (Fig. 2d) .
Correlation analyses were performed for the annual values (Table 1a ) and smoothed data (Table 1b) (Table 1b) , opposite to the year-to-year variability, which is positively correlated (Table 1a) . (Fig. 3a-c) , d
13 C of cellulose and July temperature (Fig. 3d) , and d
18 O and temperatures of January, March, May, July, and August (Fig. 3e ).
The comparison with precipitation data reveals a positive significant correlation between MXD and March precipitation (Fig. 3g) , and d 13 C and April precipitation (Fig. 3i) . Negative correlation coefficients were found between July precipitation and d 13 C and d 18 O of cellulose chronologies (Fig. 3i, j) . A negative significant correlation was also found between January precipitation and d
18 O of cellulose (Fig. 3j) .
In summary, results of the correlation analysis between tree-ring parameters, stable isotopes chronologies and weather station data indicate that information about July temperature is recorded in all studied parameters (e.g. July temperature and TRW (r = 0.63; P \ 0.05); MXD (r = 0.54; P \ 0.05); CWT (r = 0.63; P \ 0.05), d
13 C (r = 0.62; P \ 0.05) and d
18 O (r = 0.50; P \ 0.05) chronologies (Fig. 3a-e) .
The July precipitation signal is recorded only in d 13 C (r = -0.41; P \ 0.05) and d
18
O (r = -0.32; P \ 0.05) of cellulose chronologies (Fig. 3i, j) . Due to the importance of July, the spatial dimension of the correlation coefficients between all the studied chronologies and July temperature and precipitation for all available gridded data sets were calculated to get the patterns of climate change for the period from 1901 to 2005 (Fig. 4) .
The correlation coefficients calculated based on gridded July temperature showed the strongest spatial distribution in MXD (Fig. 4b) and CWT (Fig. 4c) . There is no spatial correlation between TRW and July precipitation (Fig. 4f , right panel), while MXD, d
13 C and d 18 O of cellulose chronologies show a significant correlation with July precipitation ( Fig. 4g-j Based on the correlation analyses for monthly climate data, spatial distribution of the correlations for gridded July air temperature data, and annual tree-ring parameters and stable isotope values we conclude that short-term (annual) variations in TRW, MXD, CWT, and d 13 C of cellulose chronologies record a strong July temperature signal. To evaluate the low-frequency behavior of the proxies, correlation analyses between smoothed temperature reconstructions from the Belukha ice core and Teletskoe lake sediments were carried out (Eichler et al. 2009 , Kalugin et al. 2007 (Fig. 5a, Table 2 ). TRW and d 13 C of cellulose are highly correlated with temperature reconstructions obtained from the Belukha (d 18 O ICE, MT) and Teletskoe site (TSED), while there are no significant correlations with MXD and CWT (Table 2 ). This is due to the strong decrease in the MXD and CWT records around 1980, not observed in the other chronologies. Thus, only TRW and d 13 C reflect temperature in the long-term trend, revealing a Fig. 5a ) in long-term variations, in spite of the fact that short-term signals are positively related. (j) Fig. 3 The correlation coefficients between annual values of tree-ring width (TRW), latewood density (MXD), cell wall thickness (CWT), d 13 C and d
O in cellulose and temperature (a-e) , and precipitation (f-j) calculated for the high-altitude Kosh-Agach weather station from September of the previous year to August of the current year. The horizontal lines indicate the level of significance (P \ 0.05). The monthly temperatures and precipitations data from KoshAgach weather station are shown as a bold line curves on the graphs (a-e) and (f-j), respectively from the local weather station data and the spatial patterns we found that a precipitation signal is recorded in shortterm variations of d 18 O, d 13 C, and MXD chronologies. The comparison between smoothed chronologies of d 18 O, d 13 C of cellulose, MXD and precipitation reconstructions from Teletskoe lake sediments (Kalugin et al. 2007 ) and from Belukha ice core (Henderson et al. 2006) are shown in Fig. 6a (PSED, AP) . The correlation coefficients calculated between all these proxies showed that for the common period from 1818 to 2000 in the long-term fluctuations only d
18 O of cellulose chronology correlated significantly with the precipitation reconstruction from Teletskoe lake (Table 2) . For the comparison with the precipitation record derived from lake sediments we inverted the d 18 O of the cellulose chronology from negative to positive values, to account for the negative correlation with precipitation (Fig. 6b) . The chronologies show similar long-term trends during the study period, with a pronounced increase since the middle of the nineteenth century.
Discussion
Short-term variations in tree-ring parameters and stable isotopes
A multi-proxy data set consisting of tree ring width, latewood density, cell wall thickness, d 13 C and d 18 O in The correlation analysis showed positive significant relationships between July air temperature and tree-ring parameters and stable carbon isotope values resulting from an increasing photosynthetic rate (because this leads to lower intercellular CO 2 -concentration in the leaf, lower isotope discrimination and more positive d
13 C values in the plant organic matter (Farquhar et al. 1989 ). The negative correlations of d 13 C in cellulose with July precipitations on the other hand can be explained by reduced stomatal conductance due to drought conditions, since July is the warmest month. The positive correlations with January temperature and the negative correlation with January and July precipitation were observed only for d
18 O in cellulose that could be explained by changes in the atmospheric circulation patterns and the seasonality of the precipitation. Snowfall in winter can influence d
18 O of tree-rings via water storage and melting in spring. A similarly weaker response between d
18
O in cellulose and temperature compared to d 13 C in cellulose was detected for the high latitude sites in northeastern Yakutia (Sidorova et al. 2008) , eastern Taimyr (Sidorova et al. 2010) , central Tura ), and northern Finland (Hilasvuori, 2009) . While MXD was mainly influenced by summer conditions, a positive correlation between MXD and March was found. Cell wall thickness chronology (CWT) for the period Tree-ring width (TRW), latewood density (MXD), d and monthly precipitation chronologies were found. A spatial correlation between the annual tree-ring parameter and temperature/precipitation also clearly demonstrates a stronger influence of temperature on the TRW, MXD, CWT, d
13 C in cellulose, whereas d
O of cellulose shows a mixed signal.
Annual chronologies of MXD, d 13 C, and d 18 O are anticorrelated with precipitation data from the closest highaltitude station. However, d
18 O is the only parameter of the three revealing a stronger spatial correlation with precipitation than with temperature. Not surprisingly and due to limited numbers of the high elevated weather station data, short periods of observations and gaps in the data sets, the spatial correlations are lower for precipitation than for temperature (Fig. 4) . Such data sets are hard to use for the calibration and verification models, which are used to produce a reconstruction for precipitation. The differences in the elevation and air inversions should be taken into account as well. The weather stations, which are located in the valley at low altitudes, could show completely different amounts of precipitation compared to the study site, which is located at more than 2000 m a.s.l. In this case multiple approaches with other natural archives will help to reduce the uncertainties of further possible precipitation reconstructions for the study region.
Long-term variations in temperature proxy records
A pronounced increasing trend since the 1880s was found for the TRW, and d 13 C chronologies indicating an air temperature increase. This strong increase is also clearly reflected in the lake sediment and ice core temperature reconstructions (d 18 O ICE, MT) and was explained by the rising anthropogenic CO 2 emissions in the industrial period (Eichler et al. 2009 ). Additionally, similar to the temperature reconstruction from d
18 O in the ice core, the d 13 C in tree cellulose shows two pronounced minima around 1840 and 1920, explained by temperature minima during periods of decreased solar activity (Dalton, Gleissberg minima).
The high correlations between the smoothed TRW and d
13
C of cellulose chronologies and the temperature proxies indicate similar trends for decadal-scale and longer-term variability. The weaker correlations with CWT and the missing correlation with the MXD in long-term variations are due to a strong decrease in both records since 1980 because of a short-term abrupt summer temperature decrease.
All temperature proxy records show exceptional high values in the last 20 years. This is not the case for the ice core d
18 O based temperature reconstruction, indicating a possible influence of melt water on the d 18 O record in this time (Fig. 5b) . d 18 O of cellulose chronology shows a highly significant opposite trend to d
18 O in the ice core that could be explained by the mixed signals of water sources (e.g. ground water, precipitation) and the influence of atmospheric circulation recorded in d
18 O of cellulose. The dramatic annual temperature increase showed by (Eichler et al. 2009 ) for the last 150 years is confirmed by thawing of the permafrost at our study site that is reflected in d 18 O of cellulose chronology.
Long-term variations in precipitation proxy records
The long-term trend in d
18 O of cellulose is well correlated with a precipitation reconstruction from Teletskoe lake sediments (Kalugin et al. 2007 ). This is not the case for MXD and d 13 C ( Fig. 6a ; Table 2 ). Precipitation records from lake Teletskoe and d
18 O in cellulose (Fig. 6b) show a clear increasing trend since the mid-nineteenth century. Based on the weather station data from Kosh-Agach the amount of winter precipitation since 1980 has decreased by up to 16 mm, while summer precipitation increased by up to 35 mm for the period . According to instrumental observations from the Barnaul weather station the sum of annual precipitation decreased from 650 to 450 mm/year for the period from 1900 to 2000. Earlier studies (Kalugin et al. 2007) show that the lack of changes in precipitation records could be due to extra-melting of perennial snow in high mountains before the background of an aridization trend.
The declining trend for the oxygen isotope ratio could be the result of (1) an increase in relative humidity during the studied period. With increasing air humidity the transpiration will be reduced because the gradient between the vapor pressure in the substomatal cavities and the ambient air decreases. As water molecules diffuse in both ways, out from the leaf to the atmosphere and vice versa, increasingly more water molecules (more depleted in 18 O than the leaf water) will diffuse back from the atmosphere into the leaf and reduce the leaf water enrichment. (2) With increasing annual temperatures in the recent years the permafrost, thaws more rapidly and deeper. A deeper thawing depth of the permafrost enhances the rooting depth, allowing the access to deeper and more 18 O depleted soil water, which is used for the synthesis of biomass. (3) We found good evidence that the oxygen isotope ratio in cellulose indicates climatic driven changes. These could include changes in the isotope signal of the precipitation (altering the d 18 O of the source water) driven by changes in atmospheric circulation and precipitation seasonality (as observed for other regions of northern Eurasia), but age trends in d
18
O of tree-rings cannot be ruled out completely (Treydte et al. 2006; Esper et al. 2010 submitted) .
Uncertainties in multi-proxy data
In the year-to-year variability a multi-proxy data set consisting of tree-ring width, latewood density, cell wall thickness, d
13 C and d 18 O in cellulose chronologies agreed well with each other, while long-term climate information is recorded differently. This was observed in particular for oxygen isotopes in tree-rings, where the inter-annual variability was similar to the other parameters, while the longterm trends in smoothed chronologies were opposite.
This highlights a common difficulty of climate reconstructions from various archives, where often not all frequencies can be reconstructed with the same confidence. A well investigated problem, for instance, is the difficulty to obtain long-term climate variability from tree-ring width, because corrections of the age-trend may blur the climate information. The RCS-method (Briffa et al. 1996) , which is often applied for keeping the long-term climatic signal (Naurzbaev et al. 2002; Esper et al. 2002; Sidorova 2003; Grudd 2008 ) in tree-ring width chronologies, is not always suitable. The cambial age and number of trees should be taken into account (Grudd 2008 O enrichment in the leaf -governed by air humidity and transpiration or biochemical fractionations.
Conclusions
The reconstruction based on one proxy only could have uncertainties for the recent calibration period due to simultaneous temperature and CO 2 changes. The combination of TRW and d 13 C of cellulose proxies with ice core and lake sediment data will be beneficial for a temperature reconstruction. Our data verify the exceptionally strong temperature increase that occurred in this continental region during the last century.
Regarding precipitation, it is well known that it is difficult to build reconstructions, apart from arid regions, especially for sites where the signal could be masked by other factors. However, despite of the numerous factors influencing the d 18 O signal, our long-term tree-ring oxygen data agree well with the precipitation reconstruction from the Teletskoe lake sediments, which is a valuable contribution for improving our knowledge about the moisture regime in the Altai-Sayan region.
It is evident that the combination of several independent proxies improves the reliability and quality of the temperature and precipitation reconstructions back into past and will enhance our understanding of climate variations and facilitate more realistic predictions of possible vegetation shifts in Boreal forests.
